This paper reports the frequency-dependent electrothermal behaviors of a freestanding doped-silicon heated microcantilever probe operating under periodic (ac) Joule heating. We conducted a frequency-domain finite-element analysis (FEA) and compared the steady periodic solution with 3x experiment results. The computed thermal transfer function of the cantilever accurately predicts the ac electrothermal behaviors over a full spectrum of operational frequencies, which could not be accomplished with the 1D approximation. In addition, the thermal transfer functions of the cantilever in vacuum and in air were compared, through which the frequency-dependent heat transfer coefficient of the air was quantified. With the developed FEA model, design parameters of the cantilever (i.e., the size and the constriction width of the cantilever heater) and their effects on the ac electrothermal behaviors were carefully investigated. Although this work focused on doped-Si heated microcantilever probes, the developed FEA model can be applied for the ac electrothermal analysis of general microelectromechanical systems.
Introduction
The advent of micro/nanotechnology has created a pressing need for the ability to analyze and manipulate nanoscale structures. Thermal microcantilevers, which can measure and manipulate local thermal fields with an integrated thermal transducer, have proven uniquely suited to this task. Thermal microcantilevers have been widely used in various tip-based thermal metrologies, such as nanoscale thermometry [1] [2] [3] [4] [5] [6] and thermal analysis [7] [8] [9] [10] [11] , thermally driven topography mapping [12] [13] [14] [15] [16] , and nanoscale infrared spectroscopy [17] [18] [19] [20] [21] [22] . Heated tips also have been actively used for thermomechanical nanomanufacturing, such as data storage [23, 24] , synthesis/modification of carbon-based nanostructures [25] [26] [27] , additive manufacturing of polymers [28] [29] [30] , chemical species [31] , and metals [32] , and subtractive manufacturing of energetic [7] and organic [33] [34] [35] [36] materials.
While most of the aforementioned applications operate thermal cantilevers at steady-state or with short electrical pulses, the periodic heating (ac) operation could realize precision scientific measurements that are not feasible with the steady-state cantilever operation. By implementing the 3x method [37] , thermal cantilevers can measure local temperature with a resolution of $1 mK [38, 39] , opening the possibility of nanoscale thermophysical property measurement. The photothermomechanical actuation of cantilever probes is another example of the periodic heating operation [40] [41] [42] [43] . By photothermally oscillating a cantilever with a modulating laser and monitoring the oscillation amplitude and phase changes at different modulation frequencies, the periodic heating technique can be used for high-resolution solution imaging [44, 45] , virus detection [46] , and deoxyribonucleic acid (DNA) bound enumeration [47] . When considering the growing impacts of the periodic heating operation of microcantilever probes on micro/nanoscale thermal metrologies, it is imperative to systematically understand their frequency-dependent thermal behaviors.
The present study aims to investigate the frequency-dependent electrothermal responses of a doped-silicon (Si) heated microcantilever under periodic heating conditions. A doped-Si microcantilever is one of the most widely used thermal probes, which has a lightly doped heater region at its free end and a heavily doped leg region, thus allowing the local heating of the tip above 1000 K and precision resistive thermometry [48] . However, understanding the full spectrum 3ac signal of the doped-Si heated cantilever still remains challenging, mainly due to the inherent complexities of the cantilever, such as the presence of two doped regions, a nonlinear temperature dependence of the cantilever resistance, and the complicated geometry. While previous studies have attempted to predict the ac behaviors of the microcantilever with a simple 1D model [38, 39, [49] [50] [51] [52] [53] , they observed serious deviations of the 1D model from experimental data at high frequencies [51, 52] . FEA was applied for the transient modeling of the cantilever during pulse and periodic heating operations [54] . However, FEA in the time domain is computationally expensive to obtain steady periodic solutions for an ac operation. To conduct a more costeffective yet accurate frequency-dependent electrothermal analysis, the present study implements a frequency-domain FEA that can accurately predict the in-phase and out-of-phase 3x voltage signals and the corresponding thermal transfer functions. The obtained results are compared with the measured thermal transfer functions for a full range of the operational frequencies from 10 Hz to 34 kHz under vacuum conditions. In addition, the thermal transfer functions of the cantilever in vacuum and air environments are compared to demonstrate that the air heat conduction significantly affects the ac electrothermal behaviors of the cantilever. The effects of the heater size and the constriction width on the ac electrothermal behaviors of the cantilever are also investigated to optimize the cantilever design for periodic heating. 1 Figure 1(a) illustrates the experimental setup for the 3x signal measurement of a doped-Si heated cantilever alongside a scanning electron microscope (SEM) image of the cantilever. The leg region of the cantilever is 133 lm in length and 20 lm wide, while the constriction region is 35 lm in length and 7.6 lm in width. The constriction region includes a 16 lm long heater at the free end. The cantilever thickness was also determined from the SEM images: see supplemental Fig. S1(a) , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection. The cantilever is thicker at the free end (1.63 6 0.01 lm) than at the anchor (1.18 6 0.01 lm), from which the average cantilever thickness is estimated to be 1.33 lm. The cantilever was mounted on a temperature-controlled stage in a Janis VPF-800 cryostat, which was used as a high vacuum chamber in the present study. A turbo pump (Pfeiffer HiCube 80 Eco) was used to acquire a vacuum condition of 10 À5 Torr. The cantilever was connected in a Wheatstone bridge circuit with a pair of 10 kX sense resistors and a potentiometer. The sense resistors were noninductive resistors with 1% tolerance, being purely resistive at frequencies up to 100 MHz. The Wheatstone bridge was used as a nulling circuit to minimize the 1x signal, which is typically over 1000 times greater than the 3x signal and would create a lack of precision in the 3x measurement [52] . The effective temperature coefficient of resistivity (TCR) of the cantilever at 300 K was determined by measuring the resistance while changing the stage temperature from 300 K to 310 K with a 50 mK accuracy. An ac input current of 112 lA-rms was applied to the bridge circuit by a Keithley 6221 ac/dc source meter over a range of frequencies spanning 10 Hz-34 kHz. The direct use of a current source obviates the signal adjustment that is required to correct a measurement error when using a voltage source [39, 55] . While the cantilever was operated under periodic current flow in a vacuum environment, the inphase and out-of-phase 3x voltage signals across the cantilever were measured by a differential lock-in scheme [37] . Figure 1(b) illustrates the 3D FEA model of the heated microcantilever suspended freely in an environment box. The surrounding box was assumed to be 100 lm away from the free end of the cantilever, filled with quiescent air or in vacuum depending on the operational condition. The previous computational study showed that the heater temperature of the cantilever in the 100-lm-thick air box was within 1% deviation from that in the 1000-lm-thick air box [54] . The temperature at the walls was set to T b ¼ 300 K. The transient heat conduction equation of the cantilever is written as
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where H ¼ T À T b is the temperature difference relative to the base temperature T b , and C, k, and _ q i are the volumetric heat capacity, the thermal conductivity, and the volumetric heat generation rate, respectively. The subscript i is used to denote the heater and leg regions of the cantilever for different thermal and electrical properties resulting from different doping levels. The cantilever can be segmented into more subdomains in the FEA if neccessary. When the cantilever is periodically heated, it is computationally expensive to obtain the steady periodic solution of Eq. (1) in the time domain without losing information. The Nyquist theorem demands the sampling rate to be at least double that of the heating frequency for a smooth solution. Moreover, initial transient periods exist before the solution reaches the steady periodic state, imposing extra computational cost. As an alternative approach to address these challenges, this study employs the complex combination method in the frequency domain [56] .
When the input current has both dc and ac components (I 0 and I x , respectively), the input current is written as IðtÞ ¼ I x ½g þ cosðxtÞ, where g ¼ I 0 =I x . Under a small ac input to the cantilever, the power dissipation can be approximated as QðtÞ ¼ IðtÞ 2 R 0 , where R 0 is the dc-offset cantilever resistance under the periodic heating operation. The complex form of the heat generation in each region can be expressed as Q i ðtÞ ¼ Re½Q 0 þ Q 1x e jxt þ Q 2x e j2xt i , where
It should be noted that higher harmonics beyond 2x are not considered here due to their relatively small values. However, they should be considered when the cantilever is operated near the thermal runaway point with high nonlinearity [51] . By expressing the temperature oscillation in the complex form Hðr; tÞ ¼ Re½H 0 ðrÞ þH 1x ðrÞe jxt þH 2x ðrÞe j2xt and decomposing the harmonic terms into real and imaginary components, i.e., H nx ¼ ½H R þ jH I nx , Eq. previous studies considering the doping level, temperature, and boundary scattering (i.e., k H ¼ 121 W/m K and k L ¼ 65 W/m K at 300 K) [57, 58] , and the specific heat was assumed to be the same as that of intrinsic bulk Si for both the heater and leg regions of the cantilever [59] . Only heat conduction was considered as a dominant heat transfer mechanism in the air due to the reduced surface area of the cantilever, as confirmed in previous studies [51, 60, 61] . Thermal radiation was neglected during periodic heating because 8r s T 3 b l 2 =p 2 kd ( 1, where r s is the Stefan-Boltzmann constant, l and d are the characteristic length and thickness of the cantilever, respectively, and k is the thermal conductivity of the cantilever. The relative contribution of thermal radiation was estimated to be 2.31 Â 10 À4 for the cantilever, which is small enough to ignore thermal radiation.
The volumetric heat generation in Eq. (3) can be determined by numerically solving Gauss's law at dc and each harmonic component
where U nx ðrÞ is the electric potential at each harmonic component, and r 0 is the local electrical conductivity of doped-Si at the dc-offset temperature, i.e., 20 cm À3 for 250-400 K with an accuracy better than 3% [63] . Since a doping profile across the cantilever thickness is not uniform due to phosphorus implantation and diffusion processes, doping profiles for the heater and leg regions were obtained by running the Ssuprem3 simulation with the implantation and diffusion conditions of phosphorus used in the cantilever fabrication (see supplemental Fig. S2 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection) [64] . The harmonic components of the volumetric heat generation can then be written as _ q nx ðrÞ ¼ J nx ðrÞ 2 =r 0 ðrÞ, where J nx ðrÞ ¼ Àr 0 ðrÞrU nx ðrÞ is the local electric current density. To solve Eq. (4) in the frequency domain, Eq. (2) was interpreted as Q nx ¼ I 2 nx R 0 , where I nx is a dummy electric current representing Joule heating at each harmonic and applied as the boundary conditions under the assumption of the uniform current density, i.e., J nx;b ¼ I nx =A L , where A L is the cross-sectional area of the cantilever leg.
To compare the experimental results with the FEA simulation, the voltage drop across the cantilever was calculated from the current input and cantilever resistance using V C ðtÞ ¼ IðtÞR C ðtÞ, where R C ðtÞ is the time-harmonic electrical resistance of the cantilever. When the cantilever is operated under the small ac input, the electrical resistance of the cantilever can be assumed to be in the same phase as the temperature oscillation. The complex cantilever resistance oscillationR C ðtÞ can be expressed asR C ðtÞ ¼ R 0 þR 1x e jxt þR 2x e j2xt . Due to the small current input, the cantilever resistance varies linearly with the averaged temperature change to yieldR nx ¼ P i ½R 0 a H nx i , where a i is the TCR of ith region at the base temperature T b , and H nx is the averaged ac temperature at each harmonic. After manipulation, the complex voltage drop across the cantilever can be expressed asṼ C ðtÞ ¼ V 0 þ P 3 n¼1Ṽ nx e jnxt , where
It should be noted that the dc and 2x harmonics of the cantilever voltage become zero if the input current does not have a dc offset (g ¼ 0). The ac electrothermal behaviors of the cantilever can be better characterized with the thermal transfer function. The second harmonic thermal transfer function, or simply the thermal transfer function in this study, is related with the 3x voltage signal [55] 
where a is the effective TCR of the cantilever at the base temperature T b , determined from the slope of the dc cantilever resistance change. It should be noted that the thermal transfer function has a unit of K/mW, equivalent to the thermal impedance, thus indicating the in-phase (real) and out-of-phase (imaginary) temperature oscillations for a given periodic power dissipation [52] .
In the present study, a commercial package (COMSOL MULTIPHY-SICS) was used to compute the elctrical and thermal transport behaviors of the cantilever in the frequency domain. For the numerical simulation, 70,000 tetrahedral elements were used to mesh the whole domain. In order to avoid mesh-dependence of the solution and increase the computational speed, the mesh size was made smaller in the heater region compared to that away from the heater. The mesh size effect on the simulation convergence is presented in supplemental Fig. S3 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection, where the maximum thermal transfer function computed with 70,000 meshes is converged to the result for 675,000 mesh elements within a 0.03% error. All the simulations were performed at the Center for High Performance Computing (CHPC) at the University of Utah. When using a 64 GB memory and 2.6 GHz central processing unit on a CHPC computing node, the calculation time for 53 frequency points between 10 Hz and 34 kHz was half an hour for the vacuum case and 4 hrs for the air case, respectively.
Results and Discussion
While all the design parameters of the cantilever were used for FEA, only the doping concentration at the top surface of the heater region was numerically determined by comparing the calculated TCR of the cantilever with the measurement. As mentioned in Sec. 3, the depth profiles of the doping concentration in heater and leg regions, N H (z) and N L (z), were adopted from the Ssuprem3 simulation (see supplemental Fig. S2 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection) [64] . For simplicity of the computation, we used the design value for the doping concentration at the top surface of the leg region, i.e., N L (z ¼ 0) ¼ 1.7 Â 10 20 cm À3 . However, the doping concentration at the top surface of the heater region N H (z ¼ 0) should be carefully determined, as $93% of the cantilever resistance is attributed to the heater region [52] . We calculated the electrical resistance of the cantilever suspended in vacuum for different base temperatures from 300 K to 310 K and fitted the calculated values with the measurement by adjusting N H (0). As shown in supplemental Fig. S4 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection, the corresponding TCR of the cantilever is estimated to be (1.77 6 0.02) Â 10 À3 K À1 at room temperature, which is slightly lower than the previous measurement (i.e., 0.0029 K À1 [38] ). We believe that this difference is mainly due to the variance of the doping concentration at the heater region in different cantilever batches. The estimated doping concentration at the top surface of the heater region is 7.96 Â 10 17 cm À3 , which is in the same order of the target doping concentration for the heater region. Using the obtained parameters, we computed the temperature distribution of the cantilever under the steady-heating (or dc) operation: see supplemental Fig. S4 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection. Figure 2 shows the in-phase and out-of-phase thermal transfer functions of the cantilever in vacuum. To ease the comparison between the measurement and the computation, the thermal transfer function was normalized by the thermal resistance (or the dc thermal transfer function) Z 0 , which was calculated to be 98 K/ mW from the steady-state analysis. The overall agreement is very good within $2.4% for the in-phase component and $6.1% for the out-of-phase component. The negative in-phase values in the measurement at high frequencies over 10 kHz are due to parasitic electrical impedance of the cantilever and the involved circuit [51, 52] . At low frequencies, the thermal transfer function of the cantilever is similar to that of a 1D suspended wire, exhibiting a typical first-order ac response [55] . This similarity indicates that heat generated at the heater region is completely diffused to the whole cantilever in a 1D manner. However, as the frequency increases, the cantilever thermal transfer function deviates from the ac response of the suspended wire. It seems to have another first-order response superposed at high frequencies as reflected from the shoulder of the imaginary component at $6 kHz. We believe that the thermal diffusion is confined to the heater region when the cantilever is heated at high frequencies, analogous with a short suspended wire subjected to periodic heating.
The electrothermal behavior of the cantilever that deviates from the 1D ac response can be better understood by approximating the normalized cantilever thermal transfer function as the series connection of two lumped first-order (RC) thermal systems [55] 
where b C is the ratio of the thermal resistance of the constriction region to the total thermal resistance, s C (s L ) is the characteristic diffusion time of the constriction (the leg) region, and x ¼ 2pf is the operational angular frequency. It should be noted that a correction factor of 10 was considered to correlate s C and s L with the lumped approximation [55] . The lumped RC model is also plotted in Fig. 2 . By comparing the RC model with the FEA simulation, b C is determined to be 0.29; the thermal resistance of the constriction region takes $30% of the total thermal resistance. The 1D approximation of b C can be written as b C ¼ ðl=kAÞ C =½ðl=kAÞ C þ ðl=kAÞ L , where l is the length, k is the thermal conductivity, and A is the cross-sectional area of each region, yielding 0.27 for the cantilever. The good agreement of b C between the FEA and 1D approximation suggests that the dc thermal behavior of the cantilever is governed by 1D heat diffusion along the cantilever length. However, the 1D approximation may not accurately predict the ac thermal response of the cantilever. The 1D characteristic diffusion time can be written as s CðLÞ ¼ ½4l 2 =j CðLÞ with j being the thermal diffusivity, yielding s C ¼ 0.068 ms and s L ¼ 1.82 ms. These values deviate from s C ¼ 0.14 ms and s L ¼ 2.12 ms determined by the RC model based on the FEA simulation, suggesting that a multidimensional model is required for the accurate ac characterization of the heated cantilever, particularly near the heater region. Figure 3 compares the ac temperature distributions of the cantilever when it is operated in vacuum for four different frequencies, i.e., (a) 90 Hz, (b) 1 kHz, (c) 10 kHz, and (d) 34 kHz. The input current for the FEA was 112 lA-rms without dc offset, consistent with the experimental condition. It should be noted that the periodic temperature oscillation at 2x is expressed asH 2x ðrÞe j2xt in the time domain, whereH 2x ðrÞ provides the amplitude and the phase of the temperature oscillation through jH 2x j ¼ ½H R ðrÞ 2 þ H I ðrÞ 2 1=2 2x and u ¼ tan À1 ½H I ðrÞ=H R ðrÞ 2x . Thus, the negative out-of-phase temperature indicates the phase lag of the ac temperature relative to the periodic heating. At lower frequencies, i.e., f < 1=s L (or 472 Hz), the ac temperature distribution is similar to the dc case in supplemental Fig. S4 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection, except there is a small out-of-phase component as can be seen at 90 Hz. However, the cantilever operation at higher frequencies over 1=s C (or 6.7 kHz) does not provide enough time to thermally respond to the periodic heating, leading to the temperature oscillation confined within the heater region with smaller amplitudes for both in-phase and out-of-phase components. In addition, as can be seen in Fig. 3(e) , the ac temperature response becomes more out-of-phase as the frequency increases. The decrease of the effective ac heating area at high frequencies suggests that the local temperature and possibly thermophysical properties of the cantilever tip area can be measured by analyzing the ac cantilever voltage signals at high frequencies.
We also calculated the ac temperature distribution of the cantilever in the quiescent air, see Fig. 4 . While the overall trend is very similar to the vacuum case, heat loss to the air yields a lower temperature rise of the cantilever as manifested by the scale bars in Figs. 3 and 4 . The temperature difference between the vacuum and the air cases becomes smaller as the frequency increases, indicating that the air also cannot respond to the periodic heating fast enough, and only the air near the cantilever dissipates heat at high frequencies over 10 kHz. At 34 kHz, for example, the heat penetration depth in the air is $1 lm away from the cantilever heater. The heat loss to air affects the thermal transfer functions of the cantilever, as shown in Fig. 5 . At frequencies below $300 Hz, the cantilever thermal transfer function in the air is approximately 80% of the vacuum case: $20% decrease in the heater temperature is expected due to heat loss to the air. In addition, the dip position of the out-of-phase thermal transfer function shifts to a high frequency by $100 Hz, indicating that s L decreases by $0.45 ms due to the presence of the air. However, the thermal transfer functions for the air and the vacuum cases get closer as the frequency increases, which is consistent with the ac temperature distributions in Figs. 3 and 4 . The heat diffusion in air has a smaller effect on the ac electrothermal behaviors of the cantilever at high frequencies.
The frequency-dependence of heat transfer in air can be further examined by calculating the frequency-dependent heat transfer coefficient. Heat transfer at the cantilever surface ðr b Þ in the frequency domain can be expressed as
whereh nx;i ¼ ½h R þ jh I i is the complex heat transfer coefficient at the ith component. In the present study, heat transfer coefficients for the leg and the constriction regions were taken into account. The frequency-dependence of the complex heat transfer coefficient is modeled as
based on the analytical solution of heat conduction from a periodic point heat source in an infinite solid [56] . This boundary condition was implemented to the cantilever model without the environment box, and the complex heat transfer coefficient of air was extracted by comparing the thermal transfer functions calculated for the air box model and the no-box model. As shown in supplemental Fig. S5 , which is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection, the computed cantilever thermal transfer functions with and without the air box are in excellent agreement within 0.1%. Figure 6 shows the magnitude and phase of the complex heat transfer coefficients for the constriction region and the leg region. The dc heat transfer coefficient of the heater is approximately 4000 W/m 2 K in the low-frequency region, which is consistent with Ref. [54] . The heat transfer coefficient of the leg region is 1 order of magnitude smaller than that of the heater region due to the relatively larger surface area of the leg region. As the frequency increases, the magnitude and the phase of both heat transfer coefficients increase. This trend indicates that the air temperature gradient at the wall becomes steeper and more out-of-phase as the frequency increases. The air conduction in the leg region is more sensitive to the frequency than that in the heater region. The heat transfer coefficient of the leg region changes by $15% as the frequency changes from 10 Hz to 34 kHz, while that of the heater changes by only $2.5% in the same frequency range. This is the first demonstration of the frequency-dependent heat transfer coefficient and its effects on the transient behaviors of a heated cantilever under periodic heating. The computational cost can be drastically reduced by using the frequency-dependent heat transfer coefficient: when the 53 frequency points were calculated from 10 Hz to 34 kHz with the same computing power, the no-box simulation took around 30 min while the air box simulation took approximately 4 hrs. We believe that the same scheme can be used to predict the ac thermal response of general microdevices operating in air.
The obtained thermal transfer function of the cantilever motivates further examination of the heater design and its effect on the ac electrothermal characteristics of the cantilever. Figure 7(a) shows the effects of the heater size on the in-phase and out-ofphase thermal transfer functions in vacuum, where the inset illustrates relative heater sizes to the actual heater under consideration. For ease of comparison, thermal transfer functions were normalized with the thermal resistance at the 100% heater size for comparison. The thermal transfer function decreases as the heater size decreases, indicating that more power is required to obtain the same ac temperature rise in a smaller heater. However, the thermal transfer function spectrum does not uniformly decrease with the heater size. The thermal transfer function at higher frequencies, corresponding to the heater-dominant frequency range, decreases more drastically than the thermal transfer function at frequencies below $400 Hz as the heater size decreases. This is a further evidence that the heater plays a dominant role in the ac response of the cantilever at high frequencies. We also conducted a design analysis of the constriction width by comparing the thermal transfer functions in vacuum, as shown in Fig. 7(b) . Again, thermal transfer functions were normalized with the thermal resistance at the 100% constriction width. The reduction of the constriction width increases the overall in-phase thermal transfer function, mainly due to the decrease of the cross-sectional area for heat conduction. On the other hand, the out-of-phase thermal transfer function below $400 Hz does not change as the constriction width increases. The more prominent effect of the constriction width can be observed in the out-of-phase thermal transfer function at high frequencies. As the constriction width shrinks from 100% to 50%, for example, the shoulder of the out-of-phase thermal transfer function at $3 kHz shifts and forms a dip at $6 kHz. A narrow heater makes the role of the heater more dominant in the ac thermal response of the cantilever at high frequencies.
It should be noted that the thermal transfer function spectrum of the 50% constriction case is similar to that of the doped-Si nanoheater cantilever in Ref. [50] , where the high-frequency dip in the out-of-phase curve is bigger than the main dip in the lowfrequency region. From Fig. 7 , it is clear that the observed ac behavior of the nanoheater cantilever is the result of the narrow constriction rather than the reduced heater size.
Conclusions
The present study reports the frequency-dependent electrothermal characteristics of a freestanding doped-silicon heated microcantilever operating under periodic joule heating. The frequency-domain FEA was implemented to compute the steady periodic temperature oscillation of the cantilever and to obtain the corresponding thermal transfer function in the full operation frequency range. From a comparison with experimental measurement, the computed thermal transfer function of the cantilever agrees very well with 2.4% and 6.1% deviations for in-phase and out-of-phase components, respectively. We also computed the thermal transfer function of the cantilever suspended in air to demonstrate the frequency-dependence of the air heat conduction and its effect on the ac responses of the cantilever. As the frequency increases, heat is diffused into the air with a smaller penetration depth, increasing the magnitude and the phase of the effective heat transfer coefficient of the air. Since the cantilever response at high frequencies is dominated by the heater region, Fig. 7 (a) The effect of the heater size to the in-phase and outof-phase thermal transfer functions of the cantilever. The inset images illustrate different heater sizes used in the analysis. The number next to each image is the percentage of the heater size as compared to the original cantilever design. (b) The effect of the constriction width to the in-phase and out-of-phase thermal transfer functions of the cantilever. The inset images illustrate different constriction widths used in the analysis. The number next to each image is the percentage of the constriction width as compared to the original cantilever design. The constriction width significantly affects the high-frequency behaviors where the heater plays a dominant role.
the effects of the heater size and the constriction width on the thermal transfer function were conducted. The design analysis revealed that the constriction width is a predominant geometrical factor in altering the high-frequency electrothermal behaviors of the cantilever. Although this work focused on the ac electrothermal responses of a doped-Si heated microcantilever probe, the developed frequency-domain FEA scheme and the obtained results are generally applicable to the ac electrothermal characterizations of many other microelectromechanical devices. 
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